I. INTRODUCTION
The AP-600, an advanced pressurized-water reactor, utilizes a passive containment cooling system (PCCS) to remove heat released inside the containment vessel following postulated design-basis accidents (DBA) such as a loss of coolant accident (LOCA) or a main steamline break (MSLB). During a DBA, heat released to the interior of the steel containment vessel is removed by evaporation of a continuously flowing thin liquid film on the outside surface of the vessel, which lowers the temperature of the steel vessel wall so that steam condenses on its inside surface. Consequently, the pressure of the gaseous mixture inside the containment vessel is lowered and so is its temperature. The thin liquid film outside the steel vessel wall is formed by applying water at the top of the ellipsoidal containment dome. Evaporation of the falling liquid film is enhanced by buoyancy-driven flows of moist air in an annular space between the outside of the steel containment shell wall and the inside a baffle suspended from the shield building wall. Air inlets are provided at the top of the shield building. The AP-600 PCCS is designed to maintain containment pressure below the design limit for 72 hours without operator action during a DBA. A schematic sketch of the PCCS is shown in Fig. 1 . The objectives of this paper are to (a) describe the models used in the latest developmental version of COMMIX family code for predicting the PCCS performance; (b) compare the predicted results obtained from COMMIX-ID with a selected set of the Westinghouse's AP-600 PCCS large-scale tests (LSTs); and (c) to summarize significant findings from this study.
II. DESCRIPTION OF ANALYTICAL MODEL USED PERFORMANCE IN COMMIX-1D FOR PREDICTING PCCS
Because the PCCS uses condensation and evaporation, an analytical model for predicting PCCS performance must apparently consider two-phase flow. After careful examination of the physical behavior, and judicious selection of computational domains in the PCCS, we found that the analytical model used in the COMMIX-ID code [5] can be greatly simplified from formulation of two-phase flow to single-phase flow with multi-components. The PCCS is divided into three domains, namely a bulk gaseous mixture inside the containment vessel is denoted as domain 1, bulk moist air in an annulus between the outside containment shell and the inside shielding building wall is denoted as domain 2 and a thermal coupling domain linking domains 1 and 2 is named as domain 3. The thermal coupling domain consists of condensate film inside the containment vessel wall, the containment vessel wall itself, evaporating liquid film outside the containment vessel wall, and paint on both sides of the vessel wall.
In the analytical model, we further assume that (a) the volume occupied by the thin liquid film in domain 1 or 2 is very small relative to the corresponding volume of domain 1 or 2 and can be neglected without affecting overall results, and (b) both the evaporation and condensation rate at the interface between the liquid film and the bulk gaseous mixture can be computed iteratively and treated as boundary conditions for domains 1 and 2. The analytical model used in the COMMIX-1D [5] code for predicting PCCS performance has been developed and its details are presented below.
A. Governing Conservation Equations for
Multicomponents Single Phase Flow
The three-dimensional time-dependent conservation equations of mass, momentum, and energy for a mixture of N components, based on the porous-medium formulation through local volume averaging In Eqs. 2.1-2.4, all components in the mixture are assumed to have the same velocity and temperature, and they are generally applicable for either liquid or gas systems. For containment applications, all fluid components are gases, and the formulations for the auxiliary equations, including the state equations, are based on gas systems. Furthermore, under typical containment operation and design basis accident conditions, all gases may be treated approximately as ideal gases in the formulation for mixture quantities, while for evaluating a single-component property for steam, more rigorous correlation functions are used in the code. In containment systems, only the steam component in the gas mixture gives rise to a mass source term through condensation and evaporation. If we denote m c and me as the steam condensation mass flux and water evaporation mass flux in the system, respectively, and they are positive and have a unit of kg/m2 Is. The mass source term in the mixture continuity Eq. 2.1 and in the component continuity Eq. 2.2 are related to these mass fluxes. For passive containment cooling system, such as employed in AP-600 as shown in Fig. 1 where h, is the enthalpy of the steam and is evaluated at the mixtureAiquid interface temperature Tif and pressure pvi (at saturation condition) for the evaporation steam source, and at the bulk mixture temperature T and pressure Pvb for the condensation steam sink.
B. Transport Equations for
In COMMIX-lD, both condensation and evaporation are modeled for the containment vessel wall surfaces in the liquid-film tracking models [12, 131. Steam condensation on the internal thermal structures can also be accounted for. However, because COMMIX-1D does not compute liquid water distribution inside the containment vessel except on the vessel wall, water evaporation from internal thermal structures is not allowed in the code.
D. Liquid-Film Tracking Model
Two liquid-film tracking models for time-dependent flows (a simplified model and a comprehensive model) have been developed and implemented in the COMMIX-1D code. They can be used to predict both the evaporating film on the outside surface of the vessel and the condensate film on its inside. Filmwise condensation is assumed inside the containment vessel wall. The tracking models compute the liquid-film thickness, its mean velocity, and its temperature on both sides of the steel containment vessel.
In both models, a differential equation describing the time rate of change of the film thickness is rigorously derived from first principles. This equation relates the time rate of thickness change to the streamwise gradient of the mass flow rate and the condensate mass flux at the film's free surface. In the simplified model, the inertia terms in the momentum equation were ignored to obtain an explicit expression of the velocity field in the film.
Arguments will be given in Section IV, Discussion and Conclusions to show that the simplification could be justified except for brief times following a disturbance.
In the comprehensive model, the inertia terms were retained in the momentum equation, and a parabolic velocity distribution was assumed across the film thickness. In both models, linear temperature distributions across the film thickness were assumed in the energy equation. For all practical purposes, both models give essentially the same results.
Governing Equations, Boundary Conditions, and LiquidNapor Interfacial Conditions
Experimental observations indicated that the liquid films developed on the containment vessel walls are usually very thin, on the order of a few tenths of a millimeter. At the containment design conditions, the Reynolds numbers of these films are expected to be well within the laminar flow regime. Based on these observations, the laminar-boundary-layer type of analysis is used for the development of the liquid-film tracking models.
The dynamic equations for steady, axisymmetrical, boundary-layer flow over a body of revolution were first given by E. Boltz [12] and are most conveniently expressed in orthogonal curvilinear coordinates (see Ref. 13) . As seen in Fig. 2 , x is the distance measured along a meridian from the stagnation point S. The coordinate y is normal to x and points inward for analysis of condensate film flow on the inside surface and outward for analysis of evaporating water film on the exterior. The body contour is specified by the radius r(x) of the section perpendicular to the axis of symmetry. The contour has no sharp corners so that d2 r/dx2 is continuous everywhere. The velocity components along the x-and y-directions are denoted by u and v, respectively. The gravitational acceleration vector is colinear with the axis of rotational symmetry as illustrated, and the angle between and x is p. The condensate flows along the undersurface of the dome and then down the vertical wall of the cylinder shell, mainly due to gravity, and is resisted by fluid viscosity. The pressure gradient in the streamwise direction is assumed to be low relative to the gravitational and viscous forces.
Because the temperature difference across the film is small, all properties are considered constant in the derivation. The same can be said for the flow of the evaporating water film on the outside. The condensate flow rate increases with x from the stagnation point S, with a continuous increase in resistance to heat transfer along the vertical cylindrical wall. The water film on the outside evaporates such that its flow rate decreases with x with a corresponding change in heat transfer coefficient.
The time-dependent conservation equations are Mass:
(2.15)
To be consistent with boundary-layer approximation, r is regarded as a function of x only, and hence the second term can be written as rdv/ay.
Momentum:
Energy:
(2.17)
In Eq. 2.16, p, and p are the viscosity and density of the liquid film, respectively. In Eq. 2.17, T is the temperature and k and C, are the thermal conductivity and specific heat of the liquid, respectively.
The boundary conditions are
At the wall, y = 0:
At the liquidhapor interface, y = 6(t,x): In the PCCS analysis, the flow domains inside and outside the containment vessel are separated by the containment steel shell. The only coupling between them is the thermal coupling by the heat transfer through the shell. Various heat transfer mechanisms are considered, including those at the boundaries that separate the gaseous mixture inside the vessel, the condensate film, the paint on the inside wall, the shell wall, the paint on the outside shell wall, the evaporating liquid film, and the moist air in the annulus. In the analysis that follows, it is assumed that heat flow is predominantly in the radial direction (perpendicular to the vessel wall) except for the liquid films, for which convection parallel to the surface is also considered. Figure 3 illustrates the discretization scheme of the thermal structure currently used in the COMMIX-ID code for AP-600 PCCS applications. The wall of the steel shell can be divided into a number of computational cells. The radial length of cell j is Arj and the total cell number is L. When j = 1, the volume element or cell represents the condensate film, and when j = L, it represents the evaporating liquid film. The finite-difference energy equation governing the temperature field in the radial direction at a given axial length Ax along the meridian direction (x) from level k-I to level k can be written as
where: In the foregoing equations, qconv,l is the convective heat transfer rate at AI that is the result of the difference in the temperature of the vapor/air mixture inside the vessel and that of the surface of the condensate film. Thus, in Eq. 2.25, hl is a heat transfer coefficient due to convection, Ti is the bulk temperature of the vapor/air mixture adjacent to AI, and Tii is temperature of the condensate-film surface. The first subscript i denotes inside, and the second subscript i denotes interface. At the surface AI, there is a vapor mass flux equal to mc entering the control volume inasmuch as air is noncondensable. This vapor flow carries with it a specific enthalpy h,, which is the saturation enthalpy corresponding to the interface temperature Tii. In Eq. 2.24, mcAlhgdenotes the enthalpy flow rate into the control volume due to mass transfer as a result of condensation. The conduction heat transfer rate 92 through surface A2 is given by Eq. 2.26, in which U2 is defined by Eq. 2.27, where kl is the thermal conductivity of liquid film, k2 is the thermal conductivity of paint, Aq is the liquid-film thickness, and A 9 is the thickness of the inside paint coating. The mass inflow rate of the condensate film at the upper surface of the control volume is (mfl)k-l and its outflow rate at the lower surface is (m&. where Tb is the fluid bulk temperature and Ti is either the vapor-gas mixture-liquid interface temperature or the dry wall temperature. The correlations follow. with
For laminar natural convection:
(2.37a) In the foregoing equations, qL is the conduction heat flow rate through surface A,, and qL+1 is the total heat transfer rate through surface Ah1. qL+ 1 has two components: qconv,L+l the heat transfer due to convection, and mcAL+lhg is the enthalpy outflow rate from the control volume due to evaporation at the surface of the liquid film. In Eq. 2.35, qconv,L+l is expressed in terms of heat transfer coefficient hL+l and a temperature difference (Toi -To), where T,i is the surface temperature of the evaporating film, and To is the bulk temperature of the airlvapor mixture adjacent to A L +~ in the annulus; m,is the evaporation rate per unit interfacial area at A L +~, and h, is the saturation enthalpy of the vapor corresponding to Toi.
For turbulent natural convection:
For turbulent forced convection:
In the preceding equations, Pr is the Prandtl number, and the characteristic length in the Grashof number (Gr) and in the Reynolds number (Re) is also L.
Mass Transfer Models F. Heat and Mass Transfer Models
A small quantity of noncondensable gas in the vapor would have a great effect on the condensation rate. The noncondensable gas will accumulate at the vapor liquid interface and thus increase the partial pressure of the gas at the interface with a simultaneous reduction of the partial pressure of the vapor because the sum of the two remains constant. The mass transport of the vapor gas mixture consists of vapor diffusion toward the interface and gas diffusion away from the interface in addition to the bulk convection of the mixture. The interface temperature (Ti) is taken to be the saturation temperature corresponding to the vapor partial pressure (p,i) at the interface. If Pvb denotes the partial pressure of the vapor in the bulk mixture, then the mass flux of vapor at the interface is Solutions of the energy equation as described in the previous section would require information on the local convective heat-transfer coefficient h l in Eq. 2.25 between the bulk of the gaseous mixture flow inside the vessel and the free surface of the condensate film, as well as the hL+1 in Eq. 2.35 between the free surface of the evaporating film and the bulk of the moist air flow in the annulus outside the vessel. Judging from the large height of the system, one would expect that buoyancy plays an important role. The heat and mass transfer models used in the CONTAIN code [ 141 are described in the next two sections, respectively, and are implemented in the COMMIX-1D code. A preliminary turbulent mixedconvection (TMC) model [15] In mixed convection, the relative importance of the natural-and forced-convection components can be estimated by the ratio Grx/Re2,, where Gr, is the local Grashof number and Re, is the local Reynolds number. A commonly used rule is that when Gr,/Re2, = O( l), the two components are of equal importance. The forcedconvection effect will dominate when GrX/Re2, << 1, and the natural-convection effect will dominate when Grx/Re2, >> 1. By examining the ratio along the vessel wall surface under the test conditions, it was found that the ratio is, in general, small near the stagnant point on the upper dome and becomes larger on the lower portion of the cylinder and the lower dome. Therefore, because of the large range of Gr,/Re2, involved, a heat-transfer correlation valid for the entire mixed-convection regime is needed. For simplicity, TMC is assumed to be valid along the entire vessel wall.
An analysis of TMC along a vertical isothermal plate in aiding flow has been reported by Chen et al. [15] . The analysis employed a modified Van Driest mixing-length model for turbulent diffusivities that accounts for the buoyancy effect. On the basis of the numerical results of the analysis, they proposed the following correlation for the local Nusselt number [Nu,=h,x/k]:
where Re, = u,x/u 3 2 Gr, = gpATx / 2) F(Pr) = 0.0287Pr0.6 9/16 -16127
As noted in Ref. 15, Eq. 2.40 converges to the known result for pure turbulent forced convection over a vertical plate when Grx/Rex2 + 0; however, it underpredicts the local Nusselt number by about 29% in the pure free convection limit when Grx/Rex2 + 00. Chen et al. [15] also noted that in the free-convection-dominated regime, a better correlation was obtained by replacing the numerical constant 0.36 by 0.52. Pending future analysis of additional PCCS experimental data, the following heat-transfer correlation for TMC is tentatively proposed for this study: We assume that all dry strips can be lumped into one circumferential sector. This assumption will result in a slightly higher containment pressure, which is conservative from a reactor safety standpoint. Westinghouse's U8-Scale Test Facility for AP-600 PCCS Large Scale Tests is very similar as shown in Fig. 1 , with some simplifications on internal components and structures.
B. Description of LST
The experimental data used in the comparison of numerical results obtained from COMMIX-1D code are prototypical LSTs of 1/8-scale. A brief description of the selected set of LSTs [17] is given below:
Tests 1 and 2 were steam-flow-rate-specific tests without dry strips (patches) (i.e., 100% water coverage) over the outside surface of the containment vessel. The effects of the various parameters were investigated by changing the steam flow rate while other parameters were held constant. Test 2 has much larger steam flow rate than Test 1. The steam flow rate used in all LSTs is intended to simulate the break flow rate in a postulated accident.
Tests 3 and 4 were conducted mainly to study the effects of the various water coverages over the outside surface of the containment vessel. Test 4 has a lower steam flow rate than Test 3. Many more dry strips over the outside surface of containment vessel were observed experimentally in Test 3 and Test 4.
Tests 5 and 6 were performed where air flow was allowed to develop in natural convection (prior to initiation of the forced draft fan) to force convection flow in the air annulus. The steam flow rate was held approximately constant throughout the tests. After steady-state conditions were reached (Test 5 corresponds to this steady-state condition), the fan was activated and kept on until another steady-state condition was reached following the transient caused by the fan. (Test 6 corresponds to this steady-state condition including the portion of transient). The purpose of Tests 5 and 6 is to validate the computer code's ability to model the transition from free convection to forced convection in the air annulus.
Tests 7 and 8 addressed the effects of long-term heat sinks, and helium addition to simulate hydrogen from postulated severe accidents. These tests were used to validate the computer code's ability to predict helium or hydrogen concentration during a postulated severe accident. After the system has come to steady-state with a constant steam flow rate (Test 7 corresponds to this steady-state condition), the helium is injected at a constant flow rate for 30 minutes and the system is allowed to achieve a second steady-state (Test 8 corresponds to this steady-state condition plus the helium-addition transient). The objectives of Tests 7 and 8 are to evaluate long-term heat sinks on noncondensible distribution and to validate the computer code's ability to predict helium or hydrogen concentration during a postulated severe accident.
C. Numerical Results and Their Comparisons with LST
All numerical results obtained from COMMIX-1D code were based on the analytical model as outlined in Sec. I1 and these results will be compared with the experimental data of LST. In all analyses of Tests 1-8, the turbulent free convection correlation as shown in Eq. 2.37b was used for inside the containment vessel, and the turbulent forced convection correlation as shown in Eq. 2 . 3 7~ was used for the annulus, except for Test 5, which operated under free convection. After carefully examining the velocity field in annulus of Test 5 , we decided to use the turbulent free convection instead of the laminar free convection correlation. Mass transfer is based on heat and mass analogy as outlined in Eqs. 2.38a and 2.38b. Turbulent diffusivity is computed according to the k-E two-equation turbulence model. Caution must be exercised in comparison between predicted and measured temperature for the test cases with dry strips. Because we do not know the precise location and size of dry strips in the liquid film, the measured temperature could be higher if a thermocouple is in or next to a dry strip. On the other hand, the measured temperature could be lower if a thermocouple located on a wet surface or next to a the liquid film. A meaningful comparison between predicted and measured temperature is not possible unless the area under consideration is either all wet or all dry. Furthermore, both condensation and evaporation processes are statistical in nature because they are very sensitive to local surface conditions. Also, a uniform thickness and velocity of the local liquid film at the outside of containment vessel is very difficult to maintain at a given elevation. All these uncertainties will be reflected in local temperature measurements.
For detailed comparisons of calculated and measured temperature, Test 1 was chosen. This is because there are no dry strips for Test 1.
Because of a large amount of information generated from the comparisons between calculated and measured data, it is not possible to present all information here. However, some essential and meaningful comparisons are presented below: Fig. 6a, 6b , and 6c are velocity, normalized temperature, and steam mass fraction distribution at J = 4 in Test 1. Unless otherwise noted, the normalized temperature is defined as where TI is the temperature of the water applied on the outside of the upper dome, and TS is the temperature of the steam inlet at the bottom of the vessel.
Streamwise variations of condensate and evaporating liquid film thickness at J = 4 of Test 1 are presented in Fig.7 . Figure 8 shows streamwise normalized temperature distributions of condensate and evaporating liquid film on inside and outside surfaces of the containment vessel wall at J = 4 of Test 1.
Figures 9, 10, and 11 present normalized circumferential wall temperature distributions on the inside surface of the containment vessel wall at levels A, C, and E, respectively, and their comparisons between measurements and calculations of Test 1. Levels A, C, and E represent elevations, respectively, at the top, middle, and bottom of cylinder of the containment vessel. Azimuthal angles are marked in Fig. 5 . Normalized temperature distribution of moist air in the annulus at various elevations and their comparisons between measurements and calculations of Test 1 are presented in Fig. 12 . The normalized temperature for the moist air in annulus is defined as T/Ti,, where T is the local temperature of the moist air and Tin is the inlet air temperature. Figures 13 and 14 
IV. DISCUSSION AND CONCLUSIONS
The velocity fields of the gaseous (vapodair) mixture inside the containment vessel and in the annulus are shown in Fig. 6a . Inside, the streamwise flow along and in close proximity of the vertical wall is downward. In the upper central region of the containment vessel, the mixture generally flows upward. There are two distinct recirculatory flows, as predicted, occuring in a major portion of containment vessel; one under the dome and the other over the entire containment vessel. The flow fields in the upper and lower dome region are vastly different from those in the cylindrical region. In addition to the complexity of the flow field, the mixture is highly stratified. Temperature is higher in the top portion of the containment vessel than in the lower portion (see Fig.  6b ), and more steam is at the top than the bottom of the vessel because air is heavier than steam (see Fig. 6c ). In the exterior annulus, the bulk of the flow is upward, and the flow is turbulent when the draft fan located at the top of annulus is operating (see Figure 6a) ., Note that the flow field as shown in Fig. 6a is for the PCCS away from the close proximity of a vertical plane passing through a break floor during a postulated DBA. Figure 7 shows the calculated streamwise variations in the thickness of the condensate and evaporating liquid film. Filmwise condensation is assumed and agrees reasonably well with experimental observation.
Condensate film thickness drops to zero when it hits a gutter. The thickness of the evaporating liquid film depends on the evaporation rate and on the cooling water flooding rate. In principle, the flooding rate could be kept at a minimum, consistent with the requirement that the vessel surface be completely covered or be covered to a maximum extent. A thickness that greatly exceeds the minimum is undesirable because it unnecessarily increases the overall resistance to heat transfer and wastes precious water inventory.
The steadair flow inside the containment vessel during a DBA produces mixed convection. At present, the understanding of transition from laminar to turbulent flow in mixed-convection boundary layers is far from satisfactory. For this reason, it was decided as a first step to consider the boundary layer flow to be turbulent for the entire containment vessel wall. Based on our literature survey, very little work has been done in the area of turbulent mixed convection. An analysis of the turbulent mixed convection along a vertical isothermal plate in aiding flow has been reported by Chen et al. We decided to use Chen's correlation on turbulent mixed convection for our analysis,. a choice dictated because a better correlation is not currently available in the open literature. It should be pointed out that Chen's correlation converges to a known result for pure turbulent forced convection but underpredicts the local Nu by approximately 29% for pure free convection. In fact, we obtained very good agreement between COMMIX predictions and experimental data of Westinghouse's PCCS Small Scale Tests (SST) [16] by using Chen's correlation. However, when we use Chen's correlation for LST, the agreement was poor. This is because the forced convection component dominates for SST and the free convection component dominates for LST. Because flow inside the containment vessel is mixed convection, we strongly recommend developing a mixed-convection correlation applicable to the entire range from forced to free convection dominating flows.
Careful examination of the predicted fluid temperature distribution in the air annulus for most of the LST reveals that the predicted outlet temperatures are consistently lower than the corresponding measured temperatures, and yet the predicted fluid temperatures along the air annulus from the inlet to diffuser are somewhat overpredicted as compared with the measured temperatures (see Fig. 12 ) for Test 1. Based on experimental observation, fog formed preferentially above the upper dome region. It is our contention that the fluid outlet temperature in the air annulus will be higher if the effect of the fog is properly accounted for. Additional modeling work, as well as additional experimental measurements, to quantity fog formation is needed.
In the COMMIX simulation model, all dry strips on the outside vessel surface are combined into one or several circumferential sectors. Thus, the COMMIX calculated vessel wall temperatures in the dry sector are higher than the corresponding measured wall temperatures. A higher vessel wall temperature will reduce the condensation rate. For a given condensation rate, an increasing steam concentration is necessary to compensate for the reduced condensation rate due to higher wall temperature. Thus, containment vessel pressure increases.
We compute turbulent diffusivity based on the k-E twoequation turbulent model. From the comparison between COMMIX predictions and air partial pressure data, it appears that we overpredicted flow stratification and underpredicted turbulent diffusivity. This is because buoyancy, in general, tends to decrease turbulent mixing and thus it increases turbulent diffusivity .
In developing the liquid-film tracking model, the formulation can be simplified greatly if we neglect both the inertia and convective terms in the momentum equation. The justifications for such simplification appear reasonable for applications of the liquid film tracking model under consideration. The inertia effect is characterized by a time scale ~6~/ p . . This is the time needed to approach a steady-state velocity following a disturbance. For a water film of thickness of approximately 0.1-1 .O mm, the characteristic time scale at room temperature is approximately 0.01-1.0 s. Thus, the inertia effect is not significant if the time scale of the imposed disturbance is much greater than 0.01 to 1.0 s. The convective effect can be estimated from known results for parallel flow past a flat plate.
For a vertical film of thickness 6, a disturbance at its free surface will penetrate a layer of certain thickness at a distance x downstream. This thickness is roughly 5(j.~x/p;)1'~, where u is the mean flow velocity. If one assumes a parabolic velocity distribution for the film flow, the distance x for the disturbance to reach the entire thickness 6 is 0.013 p g6 / p . For a roomtemperature water film of thickness 0.1-1.0 mm, x is 0.13 to 130 mm. The distance will be shorter for inclined layers. The cited range will be different if velocity distributions other than parabolic are assumed, but the order of magnitude will remain unchanged.
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Thus, in view of the large longitudinal dimensions of the containment vessel, neglect of the convective effect would not seriously influence the fluid dynamics of the condensate film flow.
It is well known that the most efficient way to remove heat is by phase change. The PCCS utilizes phase change, (condensation and evaporation) to remove DBA generated heat during a DBA from the containment vessel to the environment via natural circulation. At first glance, the modeling of PCCS is a two-phase problem. If one carefully examines the physical phenomena occurring in the PCCS and judiciously chooses computational domains, it is possible that the formulation can be greatly simplified by reducing the two-phase problem into a single phase with multicomponents. The rates of both condensation and evaporation can be treated as boundary conditions that can be updated iteratively from the temperatures of the bulk gaseous mixture and liquid film surface temperature. The advantages of this novel formulation are that both the convergence problem and long computer running time encountered in the two-phase flow problems can be avoided.
Based on the comparisons between results obtained from COMMIX code and experimental data of LST, as shown in Figs. 9-17, agreement is good. We are very encouraged and gratified that the maximum error in containment pressure, (Pp -Pm)/Pm, is no more than 14% for all LSTs been analyzed (where P, and Pm are predicted and measured pressure, respectively), and that the maximum local wall temperature difference throughout the containment vessel is less than 13°C for the LST with 100% water coverage on the outside surface of the containment. Similar agreement for the Westinghouse small-scale tests (SST) [ 161 was also obtained with the identical simulation model used for the LST. Additional validation with pertinent experimental data, as well as refinements of the current simulation model used in the COMMIX-ID code, will further enhance confidence in scaling up to AP-600 PCCS. Nevertheless, we have clearly demonstrated that the COMMIX-ID code can be used to predict the performance of AP-600 PCCS. 
